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We introduce a scalar-less anomaly free chiral gauge theory that serves as natural ultraviolet completion 
of models of fundamental composite (Goldstone) Higgs dynamics. The new theory is able to generate 
the top mass and furthermore features a built-in protection mechanism that naturally suppresses the 
bottom mass. At low energies the theory predicts new fractionally charged fermions, and a number of 
four-fermion operators that, besides being relevant for the generation of the top mass, also lead to an 
intriguing phenomenology for the new states predicted by the theory.
© 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.The discovery of the Higgs boson in 2012 is a historical turn-
ing point, that provided us with the ﬁrst direct handle on the 
origin of the Brout–Englert–Higgs mechanism. To date, however, 
the Large Hadron Collider (LHC) experiments have not been able 
to precisely test this paradigm because of the limited precision at-
tained on the measurement of the Higgs couplings. Furthermore, 
the Standard Model (SM) is neither a fundamental theory nor able 
to explain physical observations such as the missing dark mass and 
matter–antimatter asymmetry, thus a more fundamental descrip-
tion of nature is highly wanted.
Models of composite (Goldstone) Higgs dynamics constitute a 
time-honoured possibility [1–4]. However, a satisfactory theory of 
fermion mass generation is still missing. One of the hardest prob-
lems to solve, for the composite paradigm, is to generate the ob-
served hierarchy between the heavy top-quark mass and the very 
light ones for the remaining SM fermions.
It is therefore tremendously important to construct suﬃciently 
simple, ultraviolet (UV) complete, theories able, in a natural way, 
to address the top mass generation. This is exactly what we will 
consider here. In fact, we will construct a uniﬁed anomaly-free 
gauged chiral extension of the SM featuring fermionic matter that 
explains the top mass generation and simultaneously leads to the 
composite (Goldstone) Higgs realisation. We will also discuss fur-
ther phenomenological implications of the theory.
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SCOAP3.We, therefore, start with the setup investigated in [5] according 
to which the fundamental composite dynamics (FCD) constituting 
the Higgs sector of the SM is an SU(2)TC = Sp(2)TC gauge theory 
featuring two new Dirac fermions transforming according to the 
fundamental representation of the gauge group [6–8]. Within this 
simple FCD, the Higgs particle could naturally emerge as mostly 
a pseudo-Nambu Goldstone Boson (pNGB) [3,4,8], or as the light-
est composite scalar ﬂuctuation of the fermion condensate, like in 
Technicolor (TC) inspired theories [6,7]. In general, it is a linear 
combination of both states. In fact, one can show that any un-
derlying four-dimensional composite pNGB nature of the Higgs is 
always accompanied by a TC-like limit at the fundamental level 
[5]. They just differ in the dynamical alignment of the electroweak 
symmetry and its embedding in the larger global symmetry of the 
fundamental theory. It is possible, however, to construct TC reali-
sations that do not admit a Goldstone Higgs limit.
The model SU(2)TC constitutes the minimal realisation of com-
posite pNGB Higgs and TC models in terms of an underlying fun-
damental dynamics. By minimal we mean that it is based on the 
smallest asymptotically free gauge group with the smallest num-
ber of fermions needed to accomplish the required dynamics [6–8]. 
Since the representation is pseudo-real, the new fermions can be 
described as 4 Weyl fermions Q i , so that the global symmetry of 
the fermionic sector is SU(4). The additional classical U (1) global 
symmetry is anomalous at the quantum level. Further interest-
ing physical consequences stem from the topological sector [9]. 
Because SU(2) can be viewed as the ﬁrst of the symplectic groups 
[10] the phenomenological analysis, and model building, can be 
generalised to Sp(2N) [11]. First principle lattice simulations have  under the CC BY license (http://creativecommons.org/licenses/by/4.0/). Funded by 
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Fermion content of the low energy theory giving rise to SU(4)/Sp(4) model, includ-
ing the 3rd generation of SM fermions.
SU(2)TC SU(3)c SU(2)L U (1)Y
Q L = (UL , DL) 1 0
UcR 1 1 −1/2
DcR 1 1 1/2
qL = (tL ,bL) 1 1/6
tcR 1 1 −2/3
bcR 1 1 1/3
lL = (νL , τL) 1 1 −1/2
τ cR 1 1 1 1
conﬁrmed that the SU(2) theory with two Dirac fermions breaks 
the underlying global symmetry SU(4) to Sp(4) and have further 
provided crucial insight on the spectrum of spin-one resonances 
and Goldstone scattering amplitudes [12–16]. Note that while the 
observed Higgs boson is identiﬁed with a light meson in the pNGB 
limit, in the TC limit one needs to rely on the presence of a light 
bound state with appropriate couplings to the SM particles: the 
light mass may derive from the presence of a near-conformal be-
haviour of the theory, broken by the condensate.
We now extend the model to generate the top mass with-
out yielding, in ﬁrst approximation, masses for the remaining SM 
fermions. In particular we shall concentrate on generating fermion 
masses via four-fermion interactions bilinear in the elementary 
top-quark ﬁelds, as in Refs. [5,7,8]. The masses of the light quarks 
and leptons can be generated by similar interactions, which are 
generated at a higher scale. Alternatively, one could consider cou-
plings linear in the quark ﬁelds, as done in [11,17], so that the top 
acquires its mass via partial compositeness [18], but we will not 
pursue this possibility here.
Our novel UV composite chiral completion of the top mass 
abides the following model building conditions: it must
• be an anomaly free chiral gauge theory;
• feature only fermionic matter;
• unify ordinary colour and the FCD colour;
• generate the top mass but no other fermion masses.
Chiral gauge theories can dynamically self-break their gauge inter-
actions [19] (see for example [20]) allowing, at least in principle, 
the possibility of an underlying theory which is truly free of ele-
mentary scalars. This is the reason why we require the theory to 
be chiral, since it has a fair chance to be a true solution of the SM 
hierarchy problem.
We summarise in Table 1 the fermionic matter content that 
includes the FCD fermions and their charges/transformation prop-
erties with respect to the relevant SM gauge interactions and FCD 
gauge group. We also show the charges/transformation properties 
of the third family of SM fermions, which will be partly embed-
ded in the UV completion. With this choice of fermions and their 
transformation properties the overall theory is free from gauge and 
gravitational anomalies.
We wish now to embed the gauge groups and fermion content 
of Table 1 into an anomaly free chiral model that naturally gener-
ates the crucial 4-fermion interactions responsible to give mass to 
the top, but forbids the ones responsible for the bottom mass. Our 
strategy is to embed the SU(2)TC and SU(3)c, just for the up-type 
techni-quarks and for the top, in a uniﬁed SU(5) group. The gauge 
group is then extended to be
SU(5) × SU(2)′TC× SU(3)′c × U (1)X
⊃ SU(2)TC × SU(3)c × U (1)Y (1)Table 2
Fermion content of the UV complete theory.
SU(5) SU(2)′TC SU(3)′c SU(2)L U (1)X
ψ1 1 1 1/10
ψ2 1 1 1 −3/5
ψ3 1 1 1 1/2
ψ4 1 1 1 2/15
ψ5 1 1 1 1 −1/3
ψ6 1 1 −1/6
ψ7 1 1 1 0
bcR 1 1 1 1/3
lL 1 1 1 −1/2
τ cR 1 1 1 1 1
with the weak isospin SU(2)L acting as an external group. The 
SU(2)TC group of the FCD theory is thus the diagonal SU(2) of the 
SU(2)′TC and the SU(2) subgroup of SU(5), and similarly for SU(3)c. 
The natural assignment is to embed the SU(2)L doublets Q L–qL , 
and the singlets UR–tR , in multiplets of SU(5):(
UL tL
DL bL
)
= ψ1 ,
(
UcR t
c
R
)= ψ2 . (2)
Here ψ1 transforms as a 5 of SU(5), while ψ2 as a 5. We also 
deﬁne ψ3 = DcR to be a singlet of SU(5). The ordinary hypercharge 
is deﬁned as the sum of the diagonal generator of SU(5) and the 
U(1)X charge, with normalisation:
Y = − 1
30
⎛
⎜⎜⎜⎝
3
3
−2
−2
−2
⎞
⎟⎟⎟⎠+ X , (3)
with the X charge assignments given in Table 2.
Gauge anomaly free chiral spectrum
The theory is not yet gauge anomaly free. We need therefore 
to add new fermion ﬁelds in order to cancel the various gauge 
anomalies. The complete list is displayed in Table 2. To summarise
– SU(5) anomalies: they arise due to the imbalance between two 
5 and one 5¯ associated respectively to ψ1 and ψ2. One natural 
possibility is to add a 5¯ with X-charge 2/5, which contains 
an SU(2)TC doublet with hypercharge Y = 1/2 (∼ DcR ), and a 
QCD anti-triplet with hypercharge Y = 1/3 (∼ bcR ). However, 
because we want to avoid introducing partners of the bottom, 
we added instead a 10 of SU(5) with X-charge 2/15, denoted 
by ψ4, which decomposes under SU(2)TC × SU(3)c × U (1)Y as:
= (1,1,1/3) ⊕ (2,3,1/6) ⊕ (1,3,0) . (4)
We will call these fermions respectively f5, f6 and f7.
– The ﬁelds ψ5,6,7 are added in order to allow mass term gen-
erations for the components of the ψ4, i.e. the 10, after sym-
metry breaking. They contribute to cancelling the anomalies of 
the other gauge groups, in particular SU(3)′c and U (1)X.
With the above assignments, all the anomalies, including the grav-
itational one, vanish nontrivially. It is interesting to note that ψ1, 
ψ2 and ψ4 make up a generalised Georgi–Glashow SU(5) chiral 
theory [21] with an extra vector-like fermion in the fundamen-
tal representation that is known to be gauge-anomaly free [22], as 
summarised in [20] along with possible non-trivial infrared phases.
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are broken following the pattern in Eq. (1), leaving behind a num-
ber of massive gauge bosons. In particular we are interested in the 
off-diagonal gauge bosons from the breaking of SU(5) → SU(3) ×
SU(2), which transform like a doublet of SU(2)TC and a triplet of 
QCD colour (with hypercharge 1/6). These gauge bosons, that we 
call Eμ , couple to the following fermionic current:
i
g5√
2
Eμ J
μ
E + h.c. , (5)
where g5 is the SU(5) gauge coupling and
JμE = q¯LσμQ L − U¯ cRσμtcR + f¯5σμ f6 + f¯6σμ f7 . (6)
Once Eμ is integrated out, the low energy Lagrangian will contain 
the following four-fermion interactions
L4-fermi = − g
2
5
2M2E
JμE J
†
E,μ =
= g
2
5
2M2E
(
(q¯Lσ
μQ L)(t¯
c
RσμU
c
R) + h.c.+ . . .
)
, (7)
where we singled out the term that, once Fierzed, generates the 
appropriate mass for the top upon SU(2)TC condensation. To esti-
mate the scale of ME , we need to estimate the value of the Yukawa 
coupling of the top: following Naive Dimensional Analysis (see for 
example [23]),
yt ∼ g
2
5
2M2E
4π v2 , (8)
where v = 2√2 f is the chiral symmetry breaking scale (corre-
sponding to the electroweak scale) of the SU(2)TC driven con-
densation. More generally, we can identify f = vEW
2
√
2 sin θ
, where 
vEW = v sin θ ∼ 246 GeV is the electroweak scale and sin θ is the 
sine of the angle denoting the alignment of the condensate with 
respect to the electroweak interactions [5]. Knowing that yt ∼ 1, 
we obtain:
ME
g5
∼
√
2π vEW
sin θ
= 620 GeV
sin θ
. (9)
The lowest mass can be achieved in the TC limit of the model, 
for which sin θ = 1, while in the pNGB Higgs limit the angle is 
bounded to be sin θ  0.24 [24] thus giving ME  g5 2.6 TeV. Note 
that the above estimate would change if the model had a con-
formal dynamics, which is needed in the TC limit in particular: a 
large anomalous dimension γ of the techni-quark bilinear conden-
sate would add a factor 
(
ETC
TC
)γ = ( MEg54π v
)γ
to the estimate in 
Eq. (8), thus allowing to raise the scale where the 4-fermion inter-
actions are generated.
Exotic vector-like fermions
Given the gauge anomaly free spectrum described in Table 2, 
below the symmetry breaking scale the spectrum contains, besides 
the fermions in Table 1, 3 massive vector-like fermions made out 
of the two Weyl components f5,6,7 and ψ5,6,7. These latter states 
are summarised in Table 3 and we use for the overall vector-like 
states the f5,6,7 nomenclature.
Their mass is generated at the symmetry breaking scale UV, 
thus they are parametrically of the same order as the mass of the 
heavy gauge bosons, like Eμ . Due to their quantum numbers, the 
lightest of these states is stable, while decays among them are me-
diated by the massive gauge bosons Eμ induced by SU(5) breaking. Table 3
Additional vector-like fermions in the FCD theory.
SU(2)TC SU(3)c SU(2)L U(1)Y
f5 1 1 1 1/3
f6 1 1/6
f7 1 1 0
Table 4
Decay modes of the coloured f6 mesons: in the third column 
we list the expected suppression factor, where μL/R are the 
masses of the light techni-quarks, Q L and UR–DR .
Decay Operator Factor

q → f7qL a) –


up
q → f7tR b) vEW

q → f5q¯L d) μL

t → f7tR b) μR

t → f5b¯L d) vEW

b → f5 t¯R c) –

b → f5 t¯L d) vEW
These fermion masses are generated by the symmetry breaking, 
thus one can safely assume that they will be heavier than the 
condensation scale of SU(2)TC. The associated decays will be me-
diated by the 4-fermi interactions of Eq. (7). The mass hierarchies 
are model dependent and cannot be precisely determined without 
an explicit model for the symmetry breaking. In the following we 
will leave the spectrum open. The fermion f6 plays a crucial role 
here because it appears in all the couplings of Eq. (7) that induce 
decays, and also because it carries FCD charge, thus it will form 
bound states below the SU(2)TC condensation scale f .
f6 and its phenomenology
The fermion f6 carries FCD colour, thus after the condensation 
of SU(2)TC it will form bound states. We will consider here the 
case where it is much heavier than the other techni-quarks, thus 
the lightest bound states will be mesons:
– 
q = f6Q L = (3, 2, 1/6): this composite scalar has the same 
quantum numbers as a left-handed stop/sbottom, with, how-
ever, the wrong colour charge;
– 
b = f6UcR = (3, 1, −1/3): this new composite scalar trans-
forms as a wrong colour sbottom;
– 
t = f6DcR = (3, 1, 2/3): this also transforms as a wrong
colour stop.
Here the transformation properties are ordered respectively under 
colour, weak isospin and hypercharge. The decays will be mediated 
by 4-fermion interactions obtained after integrating out the mas-
sive gauge bosons of SU(5): such interactions can, in fact, connect 
these states to fermions contained in the 5-plets of SU(5). The rel-
evant operators are:
a) ( f¯7σ
μ f6)(q¯LσμQ L) , b) ( f¯7σ
μ f6)(U¯
c
Rσμt
c
R) ,
c) ( f¯5σ
μ f6)(t¯
c
RσμU
c
R) , d) ( f¯5σ
μ f6)(Q¯ LσμqL) .
The 2-body decay modes mediated by the above operators are 
listed in Table 4. Some of these decays are suppressed by nu-
merical factors needed to close a line of techni-quarks. Here, vEW
stands for the electroweak vacuum expectation value, while μL
and μR are the masses of the light techni-quarks, including the 
dynamical contributions.
The decays of f5 and f7 are also be determined by the interac-
tions in Table 4: for instances, transitions between f7 and f5 will 
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f6 meson.
Constraints from cosmology
This model predicts the existence of stable states with frac-
tional charges or unusual colour assignments. Their masses are 
expected to range between 1 TeV and O(10) TeV (see Eq. (9)). 
Strong constraints on the existence of such states arise from Cos-
mology, namely from excessive relic abundance. The case of colour-
neutral states with only hypercharge ( f5) has been recently studied 
in [25], where the thermal production of such states is consid-
ered. The conclusion is that our case, with charge 1/3, is excluded 
because of overabundance. The situation is less constrained if the 
lightest state is coloured: in that case, the relic abundance is much 
lower [26]. Strong constraints come from searches of anomalously 
heavy nuclei on Earth, however these bounds only apply to the 
case of integer charges (see discussion in Sec. 5.1 of Ref. [27]).
The strong constrains we discussed assume that the stable state 
is thermally produced and that the annihilation is mediated by 
SM interactions only. In our case, however, additional annihilation 
channels via the massive gauge bosons are present that may re-
duce the relic abundance, in particular if a resonant channel is 
present. In Ref. [27], an absolute upper limit on the mass of stable 
charged states is obtained by saturating the unitarity bound for the 
cross section: the quoted bound is of ∼ 280 TeV for a scalar, and 
∼ 140 TeV for a fermion, well above the mass scales expected in 
our model. Furthermore, in models of inﬂation with low reheating 
temperature, the heavy fermions may not be thermally produced 
at all. From these considerations, the only reliable direct test of 
this model will come from the LHC that may be able to produce 
the heavy fermions and/or the heavy gauge bosons deriving from 
the SU(5) symmetry breaking. In particular, the phenomenology of 
the coloured mesons is close to that of stops in supersymmetry, 
which are bounded to be heavier than about 700 GeV after Run-I.
Conclusions
We have constructed an anomaly free chiral gauge theory 
that naturally extends minimal models of fundamental composite 
(Goldstone) Higgs dynamics to generate the top mass. The model 
also features a protection mechanism that naturally suppresses the 
bottom mass, and predicts the presence of stable heavy vector-
like fermions with fractional charges and/or non-standard colour 
assignment. We have also checked that Flavour Changing Neu-
tral Currents are under control if the ﬂavour mixing is, at most, 
generated in the up-sector. We analysed the composite spectrum 
of the theory and the four-fermion operators that, besides being 
relevant for the generation of the top mass, lead to an intriguing-
phenomenology for the new composite states. The masses of the 
new states, including the new massive gauge bosons, are expected to range between one TeV and O(10) TeV, thus potentially within 
reach of LHC Run-II experiments.
Acknowledgements
G.C. acknowledges partial support from the DéﬁInphyNiTi – 
projet structurant TLF, and the Labex-LIO (Lyon Institute of Ori-
gins) under grant ANR-10-LABX-66 and FRAMA (FR3127, Fédéra-
tion de Recherche “André Marie Ampère”). The work of F.S. is par-
tially supported by the Danish National Research Foundation grant 
DNRF:90.
References
[1] S. Weinberg, Phys. Rev. D 13 (1976) 974.
[2] L. Susskind, Phys. Rev. D 20 (1979) 2619.
[3] D.B. Kaplan, H. Georgi, Phys. Lett. B 136 (1984) 183.
[4] D.B. Kaplan, H. Georgi, S. Dimopoulos, Phys. Lett. B 136 (1984) 187.
[5] G. Cacciapaglia, F. Sannino, J. High Energy Phys. 1404 (2014) 111, arXiv:
1402.0233 [hep-ph].
[6] T. Appelquist, P.S. Rodrigues da Silva, F. Sannino, Phys. Rev. D 60 (1999) 116007, 
arXiv:hep-ph/9906555.
[7] T.A. Ryttov, F. Sannino, Phys. Rev. D 78 (2008) 115010, arXiv:0809.0713
[hep-ph].
[8] J. Galloway, J.A. Evans, M.A. Luty, R.A. Tacchi, J. High Energy Phys. 1010 (2010) 
086, arXiv:1001.1361 [hep-ph].
[9] P. Di Vecchia, F. Sannino, Eur. Phys. J. Plus 129 (2014) 262, arXiv:1310.0954 
[hep-ph].
[10] F. Sannino, Phys. Rev. D 79 (2009) 096007, arXiv:0902.3494 [hep-ph].
[11] J. Barnard, T. Gherghetta, T.S. Ray, J. High Energy Phys. 1402 (2014) 002, 
arXiv:1311.6562 [hep-ph].
[12] R. Arthur, V. Drach, M. Hansen, A. Hietanen, R. Lewis, C. Pica, F. Sannino, PoS 
2014 (2014) 249, arXiv:1412.7302 [hep-lat].
[13] R. Arthur, V. Drach, M. Hansen, A. Hietanen, C. Pica, F. Sannino, PoS 2014 (2014) 
271, arXiv:1412.4771 [hep-lat].
[14] A. Hietanen, R. Lewis, C. Pica, F. Sannino, J. High Energy Phys. 1407 (2014) 116, 
arXiv:1404.2794 [hep-lat].
[15] A. Hietanen, R. Lewis, C. Pica, F. Sannino, J. High Energy Phys. 1412 (2014) 130, 
arXiv:1308.4130 [hep-ph].
[16] R. Lewis, C. Pica, F. Sannino, Phys. Rev. D 85 (2012) 014504, arXiv:1109.3513 
[hep-ph].
[17] G. Ferretti, D. Karateev, J. High Energy Phys. 1403 (2014) 077, arXiv:1312.5330 
[hep-ph].
[18] D.B. Kaplan, Nucl. Phys. B 365 (1991) 259.
[19] S. Raby, S. Dimopoulos, L. Susskind, Nucl. Phys. B 169 (1980) 373.
[20] T. Appelquist, Z.y. Duan, F. Sannino, Phys. Rev. D 61 (2000) 125009, arXiv:
hep-ph/0001043.
[21] H. Georgi, S.L. Glashow, Phys. Rev. Lett. 32 (1974) 438.
[22] I. Bars, S. Yankielowicz, Phys. Lett. B 101 (1981) 159.
[23] R.S. Chivukula, E.H. Simmons, Phys. Rev. D 82 (2010) 033014, http://dx.doi.org/
10.1103/PhysRevD.82.033014, arXiv:1005.5727 [hep-lat].
[24] A. Arbey, G. Cacciapaglia, H. Cai, A. Deandrea, S. Le Corre, F. Sannino, arXiv:
1502.04718 [hep-ph].
[25] P. Langacker, G. Steigman, Phys. Rev. D 84 (2011) 065040, arXiv:1107.3131 
[hep-ph].
[26] S. Wolfram, Phys. Lett. B 82 (1979) 65.
[27] C.F. Berger, L. Covi, S. Kraml, F. Palorini, J. Cosmol. Astropart. Phys. 0810 (2008) 
005, arXiv:0807.0211 [hep-ph].
